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EFFECT OF TRANSVERSE ACOUSTIC OSCILLATIONS ON THE 

VAPORIZATION OF A LIQUID-FUEL DROPLET 

By Paul R.  Wieber and W i l l i a m  R. Mickelsen 

SUMMARY 

A t h e o r e t i c a l  analysis  of the  e f f e c t  of a standing t ransverse 
acoust ic  f i e l d  on the  vaporization of a l i q u i d  2-octane droplet  w a s  
made. Three d i f f e r e n t i a l  equations were developed t o  express t h e  drop 
acce lera t ion  i n  the a x i a l  and transverse d i rec t ions  and t h e  rate of 
change i n  radius of t h e  drop with time, defined as the  vaporization rate. 
The equations were solved on an analog computer f o r  a range of gas con- 
d i t i o n s ,  drop diameters from 10 t o  500 microns, axial gas v e l o c i t i e s  
from 0 t o  800 f e e t  per  second, and acoustic f i e l d s  with frequencies of 
200, 1000, and 4000 cycles per second with root-mean-square t ransverse 
gas v e l o c i t i e s  from 0 t o  400 f e e t  per  second. Histor ies  of the  drop 
v e l o c i t i e s ,  displacements, radius,  and r a t e  of change of radius with 
t i m e  were obtained. 

Results of t h i s  analysis  show tha t  i n  an acoustic f i e l d  a drop ac- 
quires  an o s c i l l a t i n g  transverse veloci ty  and a f luc tua t ing  vaporization 
r a t e .  The time required t o  vaporize 97 percent of the  drop m a s s  w a s  re- 
duced as acoust ic-f ie ld  frequency and amplitude were increased. The in-  
crease i n  vaporization r a t e  w a s  suggested as a possible  cause of t h e  in- 
creased combustion eff ic iency noted under unstable combustion conditions 
f o r  an i n i t i a l l y  i n e f f i c i e n t  combustor. 

A parameter N,/E, the  energy release r a t i o ,  w a s  defined as t h e  
r a t i o  of t h e  magnitude of periodic f luctuat ions i n  t h e  vaporization r a t e  
over t h e  mean vaporization rate. The r a t i o  &/E expresses t h e  tend- 
ency of drop vaporization t o  support a gas wave and w a s  found t o  be de- 
pendent on an approximate Reynolds number over the  range 
Charac te r i s t ic  Reynolds number ReE w a s  based on the root-mean-square 
d i f fe rence  between the  maximum transverse gas ve loc i ty  and t h e  maximum 
transverse drop velocity achieved near t h e  time when t h e  vaporization- 
rate f luc tua t ion  w a s  at  i ts  peak. 
given d iss ipa t ion  i n  a vaporization-controlled process, l a r g e  drops 
would more e a s i l y  amplify disturbances than s m a l l  drops. 

0 < ReE < 500. 

This dependency suggests t h a t ,  f o r  a 
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INTRODUCTION 

One common form of unstable combustion that may occur in both 
rocket and jet engine combustors is characterized by high-frequency 
pressure and particle-velocity waves. 
with geometric resonant acoustic modes of oscillation. One effect of 
such an acoustic field can be a marked rise in the combustion efficiency 
of an initially inefficient system, as noted in reference 1 for a reso- 
nating rocket engine. This increase suggests that, if vaporization is 
the limiting step in the combustion process as noted in reference 2, 
there may be an interaction between vaporization rate and combustion 
ins tab il i t y . 

These waves have been identified 

Many studies of the vaporization and motion of droplets under simu- 
lated stable combustion conditions have been made (e.g., refs. 3 to 7). 
Under extremely severe resonance in the longitudinal mode the pulses be- 
come shock-fronted. The effect of such shock waves on droplets has been 
studied in references 8 to 10. Reference 11 presents an experimental 
study of the combustion of droplets mechanically suspended in a cool vi- 
brating airfield. However, the vaporization of a single drop has not - 
been investigated in an acoustic field where all the heat transferred 
to the drop is supplied by the hot bulk-gas flow rather than by the 
burning mantle surrounding the drop. 

D 

The effect of gas-velocity oscillations on the vaporization of a 

The model 
hydrocarbon fuel droplet has been analyzed theoretically at the NASA 
Lewis Research Center for a range of combustor conditions. 
chosen for this study consisted of a drop injected into a steady axial 
gas flow on which was superimposed a standing transverse sinusoidal os- 
cillation. The drop was assumed to be injected on the axis of the com- 
bustor so that pressure effects could be neglected. The fuel was desig- 
nated as normal octane, and the gas as air. Five initial drop diameters 
were chosen: 10, 30, 100, 250, and 500 microns. The gas temperatures 
were 700°, 1000°, and 1300O R; pressures were 0.3, 1.0, and 2.0 atmos- 
pheres; and relative axial. velocities between the gas and drop were 0, 
200, 500, and 800 feet per second. The acoustic field was defined for 
frequencies of 200, 1000, and 4000 cycles per second with the root-mean- 
square acoustic particle velocity of the gas ranging from 0 to 400 feet 
per second. The combinations of these conditions selected for study 
represented the worst, average, and most favorable vaporization condi- 
tions that exist in jet combustors, plus two combinations for the larg- 
est drops. 

The initial gas conditions used in this study were restricted in 
range, since some of the equations introduced in the derivation were ex- 
perimentally valid only for conditions found in jet engines. However, 
the drop size range was expanded to include the larger drops that might 

A 
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be found i n  rocket engines, and the  resu l t s  were nondimensionalized f o r  
8 general i ty .  

Equatrions describing the  vaporization of a drop and i t s  accelera- 
The equa- t i o n  i n  t h e  a x i a l  and t ransverse direct ions were developed. 

t i o n s  were solved on an analog computer, and drop h i s t o r i e s  were ob- 
ta ined.  Vaporization trends are presented, and a discussion i s  included 
which o f f e r s  suggestions f o r  a mechanism f o r  developing and sustaining 
high-frequency combustion i n s t a b i l i t y .  

SYMBOLS 

*c  s 

cD 

- I .  D h 
3 

F 

g 

HV 

k 

2 

M 

m 

P 

R e  
4 

projected area of drop, sq f t  

c o e f f i c i e n t  of drag 

root-mean-square veloci ty  of gas molecules evaluated a t  surface 
temperature of drop, cm/sec 

force,  l b  

grav i ta t iona l  constant = 32.17 f t / s e c 2  o r  980 crn/secZ 

l a t e n t  heat of vaporization of l iqu id ,  Btu/lb 

thermal conductivity, Btu/(sq ft) (see)  ( O F ) / f t  

mean f r e e  path of gas molecules, cm 

molecular weight , lb/lb-mole 

b 

mass of drop, slugs 

gas pressure, lb / sq  f t  

2Wg,&V 

I-Lg ,m 
Reynolds number, 
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*eE 

r 

sc 

T 

t 

U 

nv 
V 

@ 
-@ 

d 

P 

P 

characteristic Reynolds number, 
%,m 

radius of drop, ft 

Schmidt number , pg,m/Dpv ,m 
temperature , OR 

time, sec 

velocity of gas in axial direction, ft/sec 

total velocity difference, ft/sec 

velocity of gas in transverse direction, ft/sec 

root-mean-square transverse gas velocity, ft/sec 

root-mean-square value of maximum transverse drop velocity, 
ft/sec 

viscosity, lb/(ft) (sec) 

density, lb/cu ft 

Subscripts : 

d 

g 

a 

m 

max 

min 

0 

t 

V 

X 

Y 

drop 

gas 

liquid 

indicates that quantity is evaluated at a mean temperature 

instantaneous m a x i m u m  

instantaneous minimum 

initial condition of quantity 

total 

vapor 

axial direction downstream from injection 

transverse direction may from line of injection 
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THEORETICAL ANALYSIS 

I 
4 

The droplet under consideration is injected on the axis of a long 
cylindrical combustor, as Shown in figure 1. 
ing an acoustic field of the first standing transverse mode with a pres- 
sure profile, as shown in figure 2. There are no pressure fluctuations 
at the injection point and, as long as deflections from the axis are 
small, pressure fluctuations are negligible as shown in reference 12. 
Therefore, the model fits any case where pressure does not affect vapor- 
ization, as in references 13 and 14. The drop is subjected to a con- 
stant axial stream velocity U, which tends to drive it down the com- 
bustor in the x-direction, and a sinusoidal transverse gas velocity v, 
which may be at any fraction of its maximum amplitude at the instant of 
injection and tends to drive the drop back and forth across the combus- 
tor in the y-direction. 
is drop shattering. The drop experiences no heating period, an assump- 
tion that becomes erroneous for drops of low volatility as explored 
quantitatively in reference 6. 

The combustor is experienc- 

Shock waves are excluded from this model, as 

The two gas velocities produce forces on the droplet, so that it 
acquires the component drop velocities Ud and vd in the x- and y- 
directions, respectively. The vector resultant of the velocity differ- 
ences between gas and drop is then 

The aerodynamic pressure force on a drop is given by the drag equation 

AV2 
Fd = P&s 2 'D 

In reference 3, an empirical expression for the drag coefficient for 
experiments is derived. It is 

0.84 
C,, = 27/Re (3)  

where the Reynolds number is based on the average film temperature of 
the drop. 
and the experimental conditions used in reference 3 apply in this anal- 
ysis. A n  assumption that the drop does not change the properties, com- 
position, and velocity of the gas eliminates any effects of the drop 
oscillating in its own wake when the relative axial velocity between 
the gas and drop is zero. However, the boundary layer must readjust it- 
self at each change of direction, and the use of the drag-coefficient 
equation was extrapolated for some conditions beyond the Reynolds num- 
ber range investigated in reference 3. This makes the use of equation 
( 3 )  in this model questionable, but EO &rag-coefficient values have been 
obtained under all the conditions investigated herein. 

This drag-coefficient expression is used in equation ( Z ) ,  
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When equations (1) and (3) are substituted into ( 2 ) ,  the total 
force on the drop becomes 

The resultant force on the drop Fd,t has the same direction as the re- M 

I cn 
(D 

sultant velocity at any instant in time. 
velocities and forces on the drop in the resultant and 
give 

The geometries of the relative 
x 03 directions 

From the momentum equation, the force on the drop in the x-direction may 
also be expressed as 

1 

Substituting equations (6) and (4) into (5) gives, on simplification, 

for the acceleration of the drop in the x-direction. 

In like manner, consideration of the y-components of the force and 
relative-velocity geometries leads to 

the acceleration of the drop in the y-direction. 

In reference 15 the following expression for the rate of change of 
mass of a drop with time was developed: 
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Applying t h e  i d e a l  gas l a w  and equation (1) gives 

Re Sc = - - -  2 r  Tm Mg ETJ - Ud)2 + ( v  - vd)j0-5 
Tg M l  

For air ,  

gZ 2.56X10'12 atm 
-2 
- -  - 

Pt C 

I f  equation (10) and the r e l a t i o n  between dm and dr are subs t i tu ted  
i n  equation ( 9 ) ,  the  r e s u l t  i s  the following expression f o r  the  r a t e  of 
change of radius with time, which i s  defined as t h e  vaporization rate 
of  the drop: 

Equations ( 7 ) ,  (a), and (11) were solved simultaneously t o  give drop 
h i s t o r i e s .  

Examination of these three equations ind ica tes  t h a t  a cross- 
coupling would be expected between the accelerat ion equations, since 
U - Ud and v - va are included i n  both equations. The vaporization 
r a t e  decreases as the drop accelerates toward t h e  constant stream veloc- 
i t y ,  but  t h e  (v - vd)2 
i n  t h e  vaporization r a t e  as long as vd lags  behind v. Although pres- 
sure e f f e c t s  are excluded from t h i s  study, it i s  noted t h a t  the  t rans-  
verse drop displacement causes the  drop t o  o s c i l l a t e  through a s m a l l  
pressure gradient.  
the  gas-velocity and vaporization-rate f luctuat ions,  the  varying pres- 
sure could cause a f u r t h e r  increase o r  decrease i n  t h e  vaporization- 

quantity should produce a r e c t i f i e d  f luc tua t ion  

Depending on the time phase of the  displacement with 

f luc tua t ion  amplitude. I 
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PROCEDURE 

Acoustic particle root-mean-square velocities from 0 to 400 feet 
per second were investigated, since reference 12 shows that the trans- 
‘verse particle velocity may be comparable to the axial gas velocity in 
magnitude. The maximum particle velocity corresponds to a ratio of 
root-mean-square sound pressure to ambient pressure of about 0.45 (ref. 
12, fig. 2). For simplicity it was assumed that the drop injection ve- 
locity was zero and that all relative axid velocity was produced by the 
gas. The fuel was designated as 2-octane, and the gas as air. Physical 
properties were found from data and equations in references 4, 6, 15, 
and 16. 

The equations were solved by an analog computer. A block diagram 
of the circuit is shown in figure 3. Because of the large number of 
loops in the circuit, reproducibility errors due to random circuit noise 
varied from 1/2 to 2 percent for the shortest to the longest time re- 
quired for the computer to complete each solution. Noise is interpreted 
by the computer as increased relative velocity between the gas and drop, 
and thus tends to shorten vaporization time. A large precision error 
resulted from the necessity of approximating the raising of the function - 
[r2(AV)’] to the 0.08 and 0.3 exponents. Instead of a smooth power curve 
of input against output, three straight lines were used for each expo- 
nent. This gave a precision error of from 1 to 5 percent on the function 
only. Noise in the exponent circuits gave a maximum error of 2 percent 
on the function, but only at the end of the problem. The maximum overall 
error is believed to be 3 to 4 percent, and this was reduced slightly by 
1/2 to 1 percent by adjusting the data with an empirical noise-correction 
factor. 

As the radius decreased, scaling factors increased outputs of parts 
of the circuit to intolerable levels, so that the problem was automati- 
cally stopped when the radius reached 0.3 its original value, correspond- 
ing to 97.3 percent of the mass vaporized. The output of the analog gave 
plots of drop radius, displacement in the y-direction, velocity in the 
x- and y-directions, vaporization rate, and transverse gas velocity 
against time, and radius against axial displacement. 

As a test case, the vaporization of a 30-micron-diameter drop was 
run under the conditions of figure 10 in reference 4. The analog solu- 
tion gave agreement within 1 percent of the vaporization time obtained 
from the plot of drop diameter against vaporization time (fig. 10, 
ref. 4). 

c 
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RESULTS AND DISCUSSION 

Drop Histor ies  

n 
0 
n 
b 

The drop h i s t o r i e s  a r e  i l l u s t r a t e d  by f igure  4. The t i m e  required 
f o r  the drop t o  vaporize t o  0.3, i t s  i n i t i a l  radius,  i s  r e f e r r e d  t o  as 
t h e  vaporization t i m e .  

Radius. - The p l o t  of drop radius with time i s  i l l u s t r a t e d  i n  f i g -  
ure 4 r A s  t h e  acoust ic  p a r t i c l e  veloci ty  and frequency increase,  
t h e  negative slope of t h e  radius curve becomes greater .  If an axial 
gas ve loc i ty  i s  present,  the  radius curve shows a s m a l l  i n i t i a l  d ip .  
Some combinations of drop s i z e  and acoust ic-f ie ld  i n t e n s i t y  give t h e  
curve of radius  against  time a s l i g h t  r ipp le  as t h e  vaporization rate , 

f luc tua tes .  

Displacements. - The maximum displacement of the  drop i n  t h e  t rans-  
verse d i r e c t i o n  increases as the transverse gas ve loc i ty  increases and 
as the frequency of o s c i l l a t i o n  and i n e r t i a  of t h e  drop decrease. Gen- 
e r a l l y ,  t h e  m a x i m u m  displacement w a s  below 10 percent of the  combustor 
radius ,  so  t h a t  t h e  assumption of no s igni f icant  pressure e f f e c t s  ap- 
pears v a l i d .  I f  the  t ransverse gas velocity i s  l e s s  than i t s  m a x i m u m  
amplitude at  t h e  time of in jec t ion ,  the drop i s  i n i t i a l l y  displaced from 
i t s  i n j e c t i o n  point  and o s c i l l a t e s  thereaf te r  around a new mean posi-  
t i o n ,  as shown i n  f igure  4(c) .  This process may contribute t o  t h e  mix- 
ing i n  t h e  combustor. 
proportional t o  t h e  a x i a l  gas velocity.  

The a x i a l  displacemen4 of the  drop i s  roughly 

Axial veloci ty .  - The curve i n  figure 4(b) i s  t y p i c a l  f o r  t h e  var i -  
a t i o n  of axial drop veloci ty  with time. 
acce lera tes  asymptotically toward the a x i a l  f l u i d  stream veloci ty .  As 
t h e  transverse-gas-velocity a p l L t z & e  increases,  cross-coupling e f f e c t s  
cause t h e  a x i a l  accelerat ion of the  drop t o  increase a l so .  For some 
conditions the  ud curve shows a s l i g h t  r i p p l e  as (v - vd)2 f l u c t u a t e s ,  
as shown i n  f igure  5(a). 

Upon impact t h e  drop quickly 

Transverse ve loc i ty .  - The transverse drop veloci ty  vd p l o t t e d  
aga ins t  time produces three  types of prof i les ,  as i l l u s t r a t e d  i n  f i g u r e  6. 
With t h e  f i r s t  type ( f i g .  6 (a ) ) ,  vd closely follows the  t ransverse gas 
veloci ty .  Type 2 ( f i g .  6 ( b ) )  shows a Vd p r o f i l e  whose peak amplitude 
increases  s l i g h t l y  near the  end of the drop his tory.  The t h i r d  type shows 
an immediate increase i n  maximum Vd amplitude t o  a r e l a t i v e l y  l a r g e r  
value, a f t e r  which maximum amplitude remains constant, as shown i n  f i g u r e  
6 ( c )  and t o  a l e s s e r  extent i n  figure 4( d) . 
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The peaks of the individual  vd curves for t h e  p r o f i l e s  i n  f i g -  
ures 6(b)  and ( c )  a r e  f la t tened ,  indicat ing a l a g  between t h e  gas and 
t h e  drop. 
low values of vd as shown by f i g u r e  5(b),  where t h e  i n i t i a l l y  l a r g e  
vd amplitudes diminish as U - Ud decreases. 

The cross-coupling between the  equations a l s o  appears f o r  

Vaporization r a t e .  - The p l o t  of dr /dt ,  t h e  vaporization r a t e ,  
against  time a l s o  shows t h r e e  d i f f e r e n t  p r o f i l e s ,  as i l l u s t r a t e d  i n  f i g -  
ure 6. Figure 6(a) shows dr /dt  as a smooth curve t h a t  r i s e s  a t  an ac- ? celerat ing r a t e  as the  drop radius decreases. The second type of dr /dt  Ul 

prof i le  i s  a s e r i e s  of f luc tua t ions  whose m a x i m u m  amplitude decreases as 03 
C f J  

t h e  drop vaporizes, as shown i n  f igure  6(b) .  
l u s t r a t e  t h e  type-3 
However, t h e  peak amplitude of each f luc tua t ion  passes through a m a x i m u m  
as the drop h i s t o r y  progresses. 

Figures 6(c)  and 4(a) il- 
dr/dt  t r a c e ,  which i s  a l s o  a s e r i e s  of humps. 

The individual f luc tua t ions  t h a t  occur i n  types 2 and 3 dr /dt  
p r o f i l e s  have an i r r e g u l a r  shape t h a t  changes as t h e  drop vaporizes. 
The 
f o r  
i t y  
the  

low points  of each f luc tua t ion  a r e  defined by t h e  vaporization r a t e  
t h a t  instantaneous drop radius when t h e  gas and drop have no veloc- 
differences,  assuming t h a t  t h e  drop boundary l a y e r  i s  adjust ing t o  
gas conditions i n s t a n t l y .  

- 

m e  vd and h / d t  curves i n  each of f igures  6(a)  t o  ( c )  occur 
i n  pa i r s .  A decrease i n  t h e  m a x i m u m  amplitude of t h e  dr /dt  curves in- 
d ica tes  t h a t  v - vd i s  decreasing through changes i n  e i t h e r  the  ampli- 
tude of vd or t h e  l a g  of vd behind v, or both. Comparison of each 
s e t  of curves gives a good q u a l i t a t i v e  p ic ture  of the  i n t e r a c t i o n  be- 
tween the o s c i l l a t i n g  t ransverse gas and drop. 

Very s m a l l  drops (10-micron diam.) a t  any condition and medium 
s m a l l  drops (30 mlcrons) at low acoust ic-f ie ld  frequencies produce t h e  
type-1 p r o f i l e s  i n  f igure  6 ( a ) .  The low i n e r t i a  of these  drops enables 
them t o  follow the o s c i l l a t i n g  gas almost per fec t ly .  The second set  of 
prof i les ,  shown i n  f igure  6(b) ,  occurs f o r  combination of low aerody- 
namic forces and i n i t i a l l y  high drop i n e r t i a  such as medium (100-micron 
diam.) and l a r g e  (250- and 500-micron diam.) drops with lower gas ve- 
l o c i t i e s  and frequencies, and medium s m a l l  drops with higher frequencies.  
Type 3 of vd and dr /dt  p r o f i l e s  ( f i g .  6 ( c ) )  tends t o  occur f o r  high- 
i n e r t i a  medium and l a r g e  drops i n  s t rong acoust ic  f i e l d s .  The increase 
i n  peak-to-peak vd amplitude occurs immediately a f t e r  in jec t ion ;  t h i s  
increase i s  la rge  - as much as 300 feet  p c r  second for one s i t u a t i o n .  

The reduction i n  vaporization time by t h e  acoust ic  f i e l d ,  which i s  
vd and 

There i s  l i t t l e  or no decrease i n  vaporiza- 

L 

discussed i n  the next sect ion,  v a r i e s  according t o  the  type of 
dr /dt  p r o f i l e s  t h a t  occur. 
t i o n  time f o r  systems producing type-1 p r o f i l e s .  

c 

Type-2 systems s h m  
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vaporization-time reductions from s m a l l  t o  l a r g e  amounts, and only t y p e 4  
p r o f i l e s  give t h e  g r e a t e s t  reducti-ons due t o  the  acoust ic  f i e l d .  

Effect of Acoustic F i e l d  on Vaporization Time 

The reduction i n  vaporization time is  shown by 7, the  r a t i o  of the  
time t o  vaporize t o  0.3r0 with an acoustic f i e l d  present t o  the  vapor- 
i z a t i o n  time with the  f i e l d  absent. For constant o s c i l l a t i o n  frequen- 
c ies ,  T i s  p l o t t e d  against  root-mean-square acoust ic  p a r t i c l e  ve loc i ty  
i n  f igures  7 and 8. 

Figure 7 ( a )  shows t h e  e f f e c t  of the acoustic f i e l d  f o r  t h e  10- 
micron-diameter drop. The most severe acoustic f i e l d  gives a maximum of 
only 5 percent reduction i n  T. The vaporization i s  r e l a t i v e l y  insensi-  
t i v e  t o  amplitude of the  transverse gas ve loc i ty  because t h e  drop t racks  
t h e  gas almost per fec t ly .  Frequency has a l i t t l e  more e f f e c t  on T be- 
cause of t h e  extremely shor t  vaporization time t h a t  limits the  number of 
cycles t h e  drop i s  sub,jected t o  before vaporization. 

The 30-micron drop has a long enough l i f e  and grea te r  i n e r t i a ,  s o  
t h a t  t h e  acoust ic  f i e l d  can a f f e c t  it as shown i n  f igure  7(b) .  A s  the  
drop begins t o  l a g  behind the gas, increasing t ransverse gas amplitude 
and frequency decrease T more severely. Figure 7(b) a l so  i l l u s t r a t e s  
t h a t  t h e  same reduction of vaporization time by t h e  acoustic f i e l d  oc- 
curs  with or without an a x i a l  gas velocity,  as shown by the  s o l i d  l i n e  
f o r  U =  0 and t h e  broken l i n e  for U =  500 feet  per second. The curves 
a r e  qui te  close,  and t h i s  same re la t ive ly  minor e f f e c t  occurs f o r  a l l  
drop s i z e s .  

The reduction i n  T for the 100-micron drop is  shown i n  f igure  
7 ( c ) .  
t i c l e  ve loc i ty  of t h e  o s c i l l a t i o n s .  Most of the  amplitude e f f e c t  occurs 
at root-mean-square p a r t i c l e  ve loc i t ies  g r e a t e r  than 25 f e e t  per  second. 
Increasing frequency also produces a l a r g e  reduction i n  
spread between t h e  curves a t  1000 and 4000 cycles  per  second indicates  
t h a t  frequency e f f e c t s  are l e s s  important a t  high frequencies. The high 
frequencies reduce t h e  drop maximum transverse ve loc i ty  toward zero, or 
e l s e  produce a l a g  t h a t  keeps a large ve loc i ty  difference between drop 
and gas. A comparison of drop h i s t o r i e s  v e r i f i e s  t h a t  there  i s  a l a r g e  
difference i n  the  m a x i m u m  vd amplitudes between frequencies of 200 t o  
1000 cycles per  second, but maximum vd values f o r  1000 and 4000 cycles 
per  second are more nearly a l ike .  This ind ica tes  t h a t  t h e  l a r g e  i n e r t i a  
forces  r e s t r i c t  t h e  drop from following both frequencies t o  about the 
same degree. 

Vaporization t i m e  becomes great ly  reduced by an increase i n  par- 

T, but the  
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Figure 8 shows t h e  vaporjzation-time r a t i o  f o r  t h e  250- and 500- 
micron-diameter drops a t  t h e  same gas temperature and pressure.  The 4 

trend of l e s s  s e n s i t i v i t y  t o  frequency continues f o r  these  two l a r g e  
drops as t h e  three  frequency curves a r e  converging. Wave amplitude has 
a very la rge  e f f e c t  on these drops; it reduces the  vaporization time t o  
one-sixth i t s  o r i g i n a l  value f o r  the  500-micron drop i n  the  most severe 
acoustic f i e l d .  Large reductions i n  T occur f o r  s m a l l  root-mean- 
square gas-velocity increases beyond 25 f e e t  per  second. Af te r  a @ 
value of 250 f e e t  per  second, increases i n  amplitude have l i t t l e  e f f e c t  
on vaporization time. 

The lessening of vaporization time f o r  all cases may be an explana- 
t i o n  for the  higher combustion e f f ic iency  observed i n  unstable combus- 
t o r s  t h a t  a r e  i n i t i a l l y  i n e f f i c i e n t .  The la rge  drops have the  longest  
vaporization times under normal combustion conditions, and it is possi-  
b l e  f o r  them t o  en ter  t h e  nozzle a r e a  without complete vaporization. 
These large drops were the  most severely a f fec ted  by the  acoust ic  f i e l d .  
Perhaps the  shor te r  vaporization time would allow a l a r g e r  percentage of 
t h e  fue l  t o  vaporize and burn i n  t h e  chamber, which would improve t h e  
combustion eff ic iency.  - 

Effect of Acoustic F i e l d  on Instantaneous Vaporization Rate 

The f luc tua t ions  of the  vaporization r a t e  dr /dt  with time were 
investigated fur ther .  Since a s m a l l  change i n  radius i s  approximately 
proportional t o  a small change i n  mass, these waves roughly represent 
t h e  var ia t ion i n  t h e  l o s s  of mass of t h e  drop as vapor t h a t  may then be 
burned t o  add energy t o  t h e  gas perturbati-on. If the  peak and low 
points  o f  each dr/dt  f luc tua t ion  are defined as (dr/dt),, and 
(dr/dt),in, respectively,  then a parameter 
t i o ,  can be defined as 

&/E, t h e  energy re lease  ra- 

which is  i l l u s t r a t e d  i n  f igure  4(a) .  

The denominator of t h i s  parameter represents t h e  arithmetic-mean 
l e v e l  of energy addi t ion t o  t h e  gas, and the  numerator expresses the  
f luctuat ion of energy addi t ion around t h a t  mean l e v e l .  
value of AE/E i s  2.0. 

The mzxixm 

For each drop h i s t o r y  f i v e  o r  s i x  measurements of 
a t  t h e  peaks of dr/dt f luc tua t ions .  The peak amplitude of t h e  Vd 
cycle  nearest t o  t h e  s m p l i n g  point  w a s  recorded with t h e  drop radius  

AE/E were taken 
L 

I 
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for each measurement. The radius w a s  subs t i tu ted  i n t o  a Reynolds number 
expression defined as 
c i f i e d  as the  
square value of the  peak vd near t h e  point of measurement. This Reyn- 
olds  number is  approximate, since it i s  not based on the exact v e l o c i t y  
difference a t  t h e  dr /dt  sampling point.  

ReE, where t h e  veloci ty  difference used w a s  spe- 
f l  value f o r  t h a t  drop h i s t o r y  minus t h e  root-mean- 

Curves of m/E against  RQ and t h e i r  emrelopes of data  poin ts  
a r e  shown i n  f i g u r e  9 f o r  drop s izes  of 30-, loo-, 250-, and 500-micron 
diameters. The 10-micron drop f o r  all frequencies and t h e  30-micron 
drop f o r  t h e  frequency of 200 cycles per second showed no detectable  
dr /dt  f luctuat ions;  ReE w a s  always below 5.0 for the  10-micron drop 
and w a s  below 15.0 f o r  the  30-micron drop at  200 cycles per second. 

To g e t  an approximate idea of the  t i m e  phase between the  t ransverse 
gas ve loc i ty  and t h e  energy addition, an instantaneous value of t h e  
t ransverse gas ve loc i ty  v w a s  taken a t  each M / E  sample and w a s  di- 
vided by the  maximum transverse gas veloci ty  occurring i n  t h a t  drop h is -  
to ry .  This gave the v a t  the  instant  of m a x i m u m  energy addi t ion i n  
terms of the f r a c t i o n  of maximum transverse gas ve loc i ty  a t ta inable .  
The percentage of runs f o r  each fract ion i s  l i s t e d  i n  f igure 9.  This 
measurement i s  very crude, especially f o r  the  higher frequencies. 

Figure 9 shows t h a t  at low values of ReE a s m a l l  increase i n  ReE 
gives a very l a r g e  increase i n  M / E .  Then, after ReE equals 500, a 
very l a r g e  increase i n  R% i s  required t o  give an appreciable &/E 
increase.  Any curve of f igure  9 includes data f o r  all the  frequencies 
and root-mean-square gas v e l o c i t i e s  invest igated f o r  one i n i t i a l  drop 
s i z e .  The t a b l e  i n  f igure  9 of v/vmax against  percent of data samples 
shows t h a t ,  i n  a majority of the samples, t h e  maximum energy addi t ion 
occurs when t h e  gas veloci ty  i s  over half  of i t s  maximum a t t a i z a 5 l e  
values. 

The energy required t o  support a gas per turbat ion must be preferen- 
t i a l l y  added t o  t h e  gas a t  a time when it w i l l  support the  pulse r a t h e r  
than cancel it (ref. 1 7 ) .  

It may be assumed t h a t  the normalized increment i n  energy r e l e a s e  
r a t e  per  cycle AE/E i s  r e l a t e d  t o  the  ease of i n i t i a t i o n  of resonance 
and t o  the  equilibrium amplitude fo r  a f ixed  diss ipat ion.  On this  b a s i s  
any combustion process f o r  which a perturbation can produce a change i n  
rate of energy re lease  (vaporization, mixing, atomization, gas-phase ki-  
n e t i c s )  can dr ive t h e  system i n t o  resonance. 

For the  vaporization process discussed i n  t h i s  paper, f i g u r e  9 indi-  
ca tes  t h a t  for small veloci ty  differences m/E is  very s e n s i t i v e  t o  
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drop s ize ;  whereas f o r  la rge  ve loc i ty  differences t h e  e f f e c t  of drop 
s i z e  on aE/E i s  r e l a t i v e l y  s m a l l .  This suggests t h a t  i n  a combustion 4 

system t h a t  i s  vaporization-controlled, a c o l l e c t i o n  of l a r g e  drops 
would be more conducive t o  t h e  growth of s m a l l  disturbances i n  ve loc i ty  
than a co l lec t ion  of s m a l l  drops. It a l s o  suggests t h a t  the  l a r g e  drops 
should lead  t o  somewhat higher resonance amplitudes than the  s m a l l  drops 
f o r  a given d iss ipa t ion .  
t h e  e f fec ts  of pressure and of a c t u a l  drop s i z e  d i s t r i b u t i o n s  t h a t  re-  
quire  f u r t h e r  study. 

These suggestions, of course, do not consider 

M 

It i s  ins t ruc t ive ,  nevertheless,  t o  t es t  these ideas with t h e  ex- 
perimental da ta  l i s t e d  i n  t a b l e  I of reference 18. 
spray nozzles a r e  considered, t h e  t rend  of amplitude of resonance with 
drop s ize  i s  the  reverse  of t h a t  just mentioned and cor re la tes  approx- 
imately with t h e  i n t e n s i t y  of combustion The da ta  f o r  t h e  impinge- 
ment atomization i n j e c t o r s  are anomalous u n t i l  the  e f f e c t s  of dis turb-  
ances are  considered. If  impingement i s  impaired or prevented by a ve- 
l o c i t y  perturbation, t h e  r e s u l t a n t  drops w i l l  be very l a r g e  compared 
with those r e s u l t i n g  from impingement, and t h i s  i n  t u r n  w i l l  l e a d  t o  a 
l a r g e  value of AE/E 
observed. J e t  breakup or var ia t ions  i n  mixing would produce a s i m i l a r  
e f f e c t .  Although the  d a t a  a r e  meager and not a l together  conclusive, it 
can be t e n t a t i v e l y  concluded t h a t  both the  values of E and AE/E a r e '  
f a c t o r s  i n  t h e  s t a b i l i t y  of a combustion system. Further  study i s  re-  
quired t o  determine t h e i r  r e l a t i v e  importance and t o  e s t a b l i s h  t h e  r o l e  
of t h e  d iss ipa t ion  phenomena i n  determining equilibrium resonance 
amplitudes. 

When only t h e  two 

E.  

per  cycle and should produce t h e  l a r g e r  amplitudes 

CONCLUSIONS 

The ca lcu la t ion  of the  h i s t o r y  of t h e  l i q u i d - f u e l  drople t  i n  a 
standing transverse acoustic f i e l d  gave t h e  following t rends.  

The reduction i n  the  t i m e  t o  vaporize 97.3 percent of t h e  drop 
mass due t o  the  transverse acoustic f i e l d  becomes g r e a t e r  with increas- 
ing drop diameter, transverse-gas-velocity amplitude, and frequency of 
osc i l la t ions .  
a reduction t o  almost one-sixth of t h e  vaporization time with no acous- 
t i c  f i e l d .  It w a s  suggested t h a t  t h i s  overa l l  increase i n  vaporization 
r a t e  may explain i n  p a r t  t h e  high combustion e f f ic iency  observed i n  
resonating combustors t h a t  a r e  i n i t i a l l y  i n e f f i c i e n t .  

Large drops on t h e  order of 500 microns may experience 

A parameter tke  energy re lease  r a t i o ,  w a s  assumed t o  show 
t h e  tendency of drop vaporization t o  support a gas per turbat ion.  This 
w a s  re la ted  t o  a c h a r a c t e r i s t i c  Reynolds number ReE 
ference between m a x i m u m  gas and drop v e l o c i t i e s .  The r a t i o  LS/E w a s  

based on the  dif-  

. 
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found t o  increase rapidly with increase of ReE u n t i l  R% w a s  around 
500. Thereafter m/E made only moderate increases.  The behavior of  
AE/E 
ges ts  t h a t  l a r g e  drops would more e a s i l y  amplify disturbances i n  a 
vaporization-controlled process than small drops. 

with respect  t o  drop s i z e  and r e l a t i v e  t ransverse veloci ty  sug- 

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, March 11, 1960 
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Figure 2. - Pressure contours in combustor experiencing first 
standing transverse mode. 
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dr/dt 

0 

0 "d 

TIME - 
( a )  Type 1. 2r0,  30 microns; e, 400 f e e t  p e r  second; f ,  

2r0,  30 microns ;  G, 100 f e e t  pe r  second, f ,  

2ro,  250 microns; @, 250 f e e t  p e r  second; f, 

200 c y c l e s  pe r  second.  

( b )  Type 2 .  
4000 c y c l e s  pe r  second.  

( c )  Type 3. 
1000 c y c l e s  p e r  second.  

F igu re  6 .  - P l o t s  of t h r e e  s e t s  of :id and d r j d t  p r o f i l e s  a g a i n s t  
time; s = 0 .  

4 
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ROOT-MEAN-SQUARE ACOUSTIC PARTICLE VELOCITY, ,/T: ft/sec 

(a) 2ro, 10 p; Tg, 1300’ R; P, 0.3 atmosphere; U, 0. 

(b) Zro, 30 p; Tg, 1000° R; P, 1.0 atmosphere; U, 0 and 
500 feet per second. 

(e) 2ro, 100 p; Tg, 700’ R; P, 2.0 atmospheres; U, 0. 

Figure 7. - Variation of T ,  the ratio of time required 
to vaporize drop  to 0.3ro with acoustic field to time 
required with no acoustic field, with root-mean-square 
acoustic particle velocity. 
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(a) 2 r o ,  250 p; Tg, 1300' R; P, 2.0 atmospheres; U, 0. 

(b) 2ro, 500 p; Tg, 1300 R; P, 2.0 atmospheres; U, 0. 

Figure 8. - Variation of ?, the ratio of time required 
to vaporize drop to 0.3r0 with acoustic field- ts tiiiie 
required with 2s acoustic field, with root-mean-square 
acoustic particle velocity. 
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